potential between-limb differences in TSOU, GRF, ankle motion, and spatiotemporal gait parameters. Results TSOU was significantly lower (≈175 m/s) in the repaired than in the contralateral AT over the entire gait cycle (P < 0.05). Sagittal ankle motion was significantly greater (≈3°) in the repaired than in the contralateral limb (P = 0.036). There were no significant differences in GRF or spatiotemporal parameters between limbs. Conclusions Repaired AT was characterised by a lower TSOU, reflecting a lower material stiffness in the repaired tendon than in the contralateral tendon. A lower material stiffness may underpin greater ankle joint motion of the repaired limb during walking and long-term deficits in the muscle-tendon unit reported with AT repair. Treatment and rehabilitation approaches that focus on increasing the material stiffness of the repaired AT may be clinically beneficial. Transmission-mode ultrasound would seem useful for quantifying tendon properties post AT rupture repair and may have the potential to individually guide
Introduction
Rupture of the Achilles tendon (AT) is a serious and challenging condition for both patients and surgeons. In contrast to tendon healing in non-mammalian vertebrates, which are capable of full regeneration of tissue [40] , healing in mature human tendon is characterised by scar formation, with disorganised collagen and diminished mechanical strength [26] . Animal models have shown that collagen concentration of repaired AT returns to normal levels within as little as 14 weeks post-surgery [35] . Studies evaluating the structural and material properties of repaired AT in humans, however, suggest that full tendon recovery may not occur for several years after injury [46] . For example, studies evaluating the functional performance of patients following repair of unilateral AT rupture have demonstrated diffuse tendon thickening [17, 28, 38] , greater resting tendon length [36, 41] , and significant deficits in plantarflexion strength [18, 30] , for up to ten years post-surgery.
Relatively little is known, however, regarding the effect of healing on the mechanical properties of repaired human AT. Recent studies using inverse dynamics for tendon force estimation have reported conflicting results at two years after surgery, with increased (≈69%) and decreased (≈20%) structural stiffness observed in repaired AT compared with the contralateral limb [1, 16] . Although consistent, in part, with the progressive return of AT stiffness observed in rodent models following rupture repair [31] , these studies evaluated tendon properties during static (isometric) maximum voluntary muscle contraction rather than under dynamic conditions such as the repetitive loading associated with gait [1, 16] .
Given the importance of dynamic loads to the adaptation and recovery of repaired tendon [2, 29] , this study used transmission-mode ultrasound to evaluate the dynamic properties of surgically repaired AT in adults during walking. The axial transmission speed of ultrasound (TSOU) in tendon is proportional to its density and instantaneous material stiffness [45] , which, in turn, is dependent on the applied load to the tendon [32] . Ultrasound transmission techniques take advantage of the relationship between TSOU and tendon biomechanics to afford a non-invasive method of quantifying properties of human tendon under dynamic loading conditions. TSOU has been shown to be sufficiently sensitive to detect differences in AT loading between barefoot and shod walking [48] , walking and slow running [52] , and with and without an orthotic heel lift [51] . While TSOU has also been successfully employed to contrast tendon properties in healthy and pathologic patellar tendon [47] , it has not yet been used to characterise the properties of surgically repaired tendon. The aim of the current study, therefore, was to use transmission-mode ultrasound to evaluate the properties of rupture-repaired and contralateral AT during walking. Given that the TSOU in tendon is proportional to its material stiffness [45] and that repaired tendon is characterised by collagen disorganisation and impaired material stiffness [14] , it was hypothesised that TSOU during walking would be lower in surgically repaired AT than in the non-injured contralateral tendon.
Materials and methods
Ten patients (one female and nine males) who had undergone open surgical repair for unilateral AT rupture participated in the study. Patients were recruited through the private rooms of orthopaedic surgeons practicing in the greater metropolitan area. Inclusion criteria were a minimum post-operative period of three months and complete clinical recovery as assessed by the treating clinician. The median (range) age, height, and body mass of patients was 47 (37-69) years, 180 (170-189) cm, and 93 (62-119) kg, respectively. Rupture repair involved six left and four right limbs, with a median post-operative period of 22 (4-58) months. Clinical ultrasound images of the repaired tendon revealed diffuse thickening and loss of the striated appearance evident in the contralateral AT. No patient reported a medical history of diabetes, familial hypercholesterolaemia, inflammatory arthritis, or neuromuscular disease, and none had presented to a health professional previously for AT pathology other than rupture.
Equipment
The American Orthopaedic Foot & Ankle Society anklehindfoot scoring system (AOFAS) was used to evaluate pain, function, and foot alignment. The composite scoring system has a maximum score of 100, where a score of zero represents considerable functional impairment. The AOFAS is widely used in orthopaedic research and its measurement performance is well documented [19, 20] .
An instrumented treadmill system (FDM-THM-S, Zebris Medical GmbH, Isny, Germany) was used to measure vertical GRF and basic spatiotemporal gait parameters including cadence, stance phase duration, and step length. The treadmill system incorporated a capacitance-based pressure platform, with an active sensing area of 108.4 × 47.4 cm and a spatial resolution of 0.85 cm. The grade of the contact surface of the treadmill was maintained in a horizontal position (0° incline) throughout testing. The treadmill belt speed was adjustable at intervals of 0.1 km/h between speeds of 0.2 and 22 km/h. Mean within-subject coefficients of variation for repeated measures of spatiotemporal gait parameters during walking in healthy adults are typically <10% [34] .
A flexible twin-axis strain-gauge electrogoniometer (SG110A, Penny and Giles, Biometrics, Gwent, UK) was used to measure sagittal movement of the ankle of each limb during gait. The electrogoniometer has a reported accuracy within 1.5% over a measurement range of 100° and a measurement resolution of 1° [37] .
A custom-built ultrasound device incorporating a fiveelement ultrasound probe was used to measure the axial TSOU in the repaired and contralateral AT [48] . The ultrasound probe consisted of a 1-MHz broadband pulse emitter and four regularly spaced receivers (range 7.5 mm). Received ultrasonic signals were digitised at 20 MHz, and the time of flight of the first arriving transient signal for each of the four receiver elements was measured using the first zero-crossing criterion. The TSOU in the AT was calculated from the known transmitter-receiver distances and corresponding measured time of flight for each receiver element. The error in predicting applied tensile force from direct measures of ultrasound velocity in tendon is typically <2% [10] . The mean within-subject coefficient of variation for TSOU maxima and minima in human AT during treadmill walking at comparable speed has been reported to range between 0.2 and 1.7% [48, 52] .
Protocol
Patients reported to the gait laboratory having refrained from physical activity on the day of testing. Calf circumference was measured bilaterally, 15 cm distal to the inferior pole of the patella, using a standard tape measure (Medi GmbH, Bayreuth, Germany) with 1 mm increments [49] . Subsequent procedures were conducted barefoot and for one limb at a time in randomised order. The skin overlying the posterior AT and the medial malleolus of both legs was cleaned and shaved. The end blocks of the electrogoniometer were fixed to the skin overlying the medial calcaneus and the distal aspect of the medial tibia with double-sided adhesive and surgical tape. The ultrasound probe was then positioned over the midline of the posterior aspect of the AT, with the emitter located 1 cm proximal to the calcaneus. The probe was maintained in close contact with the skin by means of coupling medium and elasticised straps ( Fig. 1 ).
Patients were then afforded a treadmill acclimatisation session, which included a 6-minute period of steady-state walking at self-selected "comfortable" speed [22] . Each patient's "comfortable" walking speed was determined at the outset of the acclimatisation session using a method outlined previously [34] . Following acclimatisation, TSOU in each AT, sagittal ankle motion, GRF, and basic spatiotemporal gait data were sampled synchronously using a common trigger. All data were collected over a 20-s period of steady-state walking at a rate of 120 Hz. All patients provided written informed consent prior to participating in the study, which was approved by the University Human Research Ethics Committee (approval number: 1400000122).
Statistical analysis
Pressure data were exported from the treadmill system in ASCII format. Custom computer code (Matlab R2014b, MathWorks, Natick, MA) was used to determine the magnitude and timing of the first and second ground reaction peak force, and the local minimum, for each step. Basic gait parameters including cadence, step length, stance and swing phase durations, and gait cycle duration were also calculated. Total range of sagittal ankle motion and peak dorsiflexion and plantarflexion during stance (DF1, PF1, respectively) and swing (DF2, PF2, respectively) was identified over each gait cycle. Similar to previous research, TSOU in the AT was characterised by two maxima and minima during each gait cycle [33, 48, 51, 52] . Consequently, the range in TSOU and local maxima (P1, P2) and minima (M1, M2) was also identified in each tendon over each gait cycle. Mean values for each limb were subsequently calculated by averaging across all gait cycles within the 20-s data capture period. For each limb, 16 ± 2 full gait cycles were analysed.
The Statistical Package for the Social Sciences (IBM SPSS Statistics Version 23, Chicago, IL, USA) was used for all statistical procedures. Shapiro-Wilks tests were used to evaluate data for underlying assumptions of normality. Outcome variables were determined to be normally distributed, and consequently, means and standard deviations were used as summary statistics. Paired t-tests were used to evaluate potential between-limb differences in GRF, TSOU, ankle motion, and spatiotemporal parameters. Cohen's D for repeated measures (Dz) was used to estimate effect sizes by standardising the difference between mean values by the deviation of the difference [9] . Values of Dz in the range of 0.2-0.5 were considered to represent a small effect, between 0.5 and 0.8 a medium effect, and higher than 0.8 a large effect [9] . An alpha level of 0.05 was used for all tests of significance. Patient numbers were based on previously published data for healthy human AT (peak TSOU, 2285 ± 113 m/s) [52] and were sufficient to detect a 5% difference in peak TSOU at an alpha level of 0.05 and with 80% statistical power (β = 0.2).
Results
Patients reported a median (range) AOFAS score of 94 (71-100). The mean calf circumference of the repaired limb (37.6 ± 3.9 cm) was significantly smaller than that of the contralateral limb (39.1 ± 3.5 cm, t 9 = 4.5, P = 0.001).
All patients adopted a rearfoot strike pattern while walking on the treadmill at their preferred speed (1.0 ± 0.2 m/s). There was no statistically significant difference in any of the spatiotemporal or GRF parameters between repaired and contralateral limbs (Table 1) .
Ankle range of motion during walking was significantly greater in the repaired (13° ± 4°) than in the contralateral (10° ± 2°) limb (t 9 = 2.5, P = 0.036), with the repaired limb characterised by greater dorsiflexion (1°, t 9 = 3.3, P = 0.009) and plantarflexion (2°, t 9 = 3.6, P = 0.006) (Fig. 2) . Estimates of effect size were 1.14, 1.06, 0.26, and 0.51 for PF1, DF1, PF2, and DF2, respectively.
Local minima and maxima in TSOU were significantly lower in the repaired AT during stance (M1, t 9 = 3.4, P = 0.008; P1, t 9 = 5.2, P = 0.001) and swing (M2, t 9 = 2.9, P = 0.018; P2, t 9 = 4.5, P = 0.002) than in the contralateral AT. The differences in TSOU between limbs constituted a large effect according to Cohen's convention (Table 2 ). There was, however, no significant difference in the range of TSOU over the gait cycle between repaired (240 ± 99 m/s) and contralateral (295 ± 116 m/s) tendon (Fig. 3) . 
Discussion
The main finding of this study was that the TSOU in repaired AT was significantly lower than that in the contralateral AT, indicating a lower material stiffness in the repaired AT during walking. The study highlights the capacity of transmission-mode ultrasound to non-invasively evaluate the properties of surgically repaired AT during gait.
The biphasic pattern and range of TSOU in repaired and contralateral tendons over a gait cycle was comparable to that reported in healthy adults during heel-toe walking [33] . Peak TSOU values in the contralateral tendon (≈1880-2150 m/s) were also comparable to previously reported values for healthy AT (≈1810-2280 m/s) during walking at similar speeds [48, 51, 52] . Interestingly, the magnitude of the difference in TSOU between repaired and contralateral AT in the current study (≈175 m/s) is also comparable to the reduction in ultrasonic velocity (≈140 m/s) reported in an equine flexor tendon model after surgical induction of a core tendon lesion [44] .
Given that the TSOU in tendon is proportional to the tendon's material stiffness, the lower TSOU indicates a lower material stiffness in the repaired AT than in the contralateral tendon. Arguably, a lower material stiffness would result in a greater resting length of the tendon, assuming a constant motor tone, and would alter the coordination and functional efficiency of the muscle tendon unit [43] . Hence, the lower material stiffness observed in repaired AT in the current study may, in part, underpin AT lengthening and long-term deficits in muscle strength reported after AT rupture repair [18, 36] .
Previous studies have reported deficits in triceps surae muscle strength as a consequence of AT repair [16, 18] . Although the change in TSOU in tendon provides an indication of the force developed in triceps surae muscle-tendon unit, the current study did not measure electromyographic activity or peak isometric ankle plantarflexion torque. Hence, differentiation between passive and active muscle determinants of tendon loading was not possible. The smaller calf circumference observed in the repaired limb in the current study, however, is consistent with a lower absolute strength of the triceps surae muscle complex [24, 36] . Importantly, there was no significant difference in the range of the TSOU, which reflects the magnitude of force applied to the AT over the gait cycle, in repaired and contralateral AT. Hence, in this study, the load applied to the AT was likely comparable in repaired and contralateral tendon during treadmill walking. The finding differs to those of previous research reporting deficits in maximal ankle plantarflexion torque in limbs that have undergone AT repair compared with contralateral limbs [12, 18] . This may reflect the submaximal nature of walking at a preferred speed. Alternatively, the relative contribution of the triceps surae muscle complex to ankle plantarflexion torque is known to vary between individuals and with AT repair, and hence, other muscles may contribute to the ankle joint moment [13] .
The median AOFAS score of 94 (71-100) is consistent with an "excellent" ("fair"-"excellent") clinical outcome for AT repair in terms of self-reported pain, function, and lower limb alignment [7] . Consistent with previous studies [5, 12] , there were no significant between-limb differences in GRF and basic spatiotemporal gait parameters during walking, suggesting a relatively symmetric gait pattern. The range of sagittal ankle motion, however, was significantly greater in the repaired than in the contralateral limb during walking. Greater ankle dorsiflexion in the repaired limb is consistent with the lower material stiffness observed in the repaired AT. It is important to note, however, that observed differences in both maximum dorsiflexion and plantarflexion in this study were close to the measurement resolution of the electrogoniometer and were relatively small in absolute terms (1° and 2°, respectively). Although the clinical relevance of such small differences in ankle motion may be unclear [1] , the differences represented a large effect according to Cohen's convention, suggesting the effect was consistent across patients. This study has a number of potential limitations. First, TSOU was determined in surgically repaired AT in a relatively small heterogeneous sample while walking on a treadmill at self-selected speed. While all patients underwent open surgical repair, rehabilitation programmes were not standardised, but rather individualised to optimise recovery. The influence of individual rehabilitation programmes on tendon healing is unknown and could not be considered in the current study design [6] . Second, there was a preponderance of males in the current cohort. Although this is consistent with the literature, which has shown that men are considerably more likely to suffer AT rupture than women [25] , the mechanical response of the AT may differ between sexes and over the lifespan [21, 42] . The effects of age and gender were not evaluated in this study. Third, the AT is a conjoined tendon, formed by the gastrocnemius and soleus muscles and the tendon fascicles arising from each muscle have been suggested to differ in their mechanical properties [3, 15] . The ultrasound technique, as currently used in this study, was unable to differentiate between AT fascicles. Fourth, although gait speed has been previously shown to affect AT loading [52] , this study evaluated AT properties at preferred walking speed only. The between-limb difference in TSOU in the current study, however, was approximately three times greater than that noted in the AT between walking and slow running in the same limb (≈54 m/s). Thus, while higher walking speeds have been shown to alter gait patterns and emphasise gait abnormalities in patient cohorts [4, 8] , the small variation in preferred walking speed observed in the current study is unlikely to have had a profound effect on the difference in TSOU observed between the repaired and contralateral tendon. Fifth, this study evaluated TSOU in the repaired and contralateral AT during treadmill walking. Treadmill systems are known to induce both spatial and temporal constraints on gait. Although some studies have noted treadmill systems alter joint moments and spatiotemporal gait characteristics [23] , others have found minimal effect on fascicular behaviour of the triceps surae [11] ; hence, treadmill walking was considered appropriate for this study.
An additional consideration is that propagation of ultrasound waves in soft tissue is influenced by the temperature and apparent density of the tissue, which were not evaluated in the current study [27] . Changes in intra-tendinous temperature may reasonably be considered to be small over a 20-s period of submaximal activity, such as walking [50] . The apparent density of ruptured AT, on the other hand, is known to be lower than that of healthy tendon but is reportedly restored within 12 months of AT repair [39] . Moreover, given that TSOU in tendon is inversely related to its apparent collagen density [27] , a lower density in repaired AT would in theory result in a higher TSOU, which was not the case in the current study. Finally, the research design employed in the current study did not include a measure of muscle activity. Nonetheless, this study demonstrates the feasibility of transmission-mode ultrasound to noninvasively evaluate tendon properties in rupture-repaired AT. Although further studies in larger and more homogeneous cohorts are required to ascertain the relation between TSOU and functional deficits associated with AT repair, treatment and rehabilitation approaches that increase the material stiffness of rupture-repaired AT may be beneficial in reducing long-term sequela reported following AT repair. Transmission-mode ultrasound has the capacity to noninvasively quantify the recovery state of surgically repaired AT and may be useful for comparing different repair techniques and post-operative rehabilitation programmes, thereby aiding optimal and safe return to physical activity.
Conclusions
Surgically repaired AT has a lower TSOU during walking, indicating a lower material stiffness than contralateral tendon. While a lower material stiffness may underpin longterm functional deficits that have been reported after AT rupture repair, the use of transmission-mode ultrasound to monitor tendon healing after injury may, in future, provide a clinically effective means for guiding individualised rehabilitation programmes to aid tendon recovery.
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